J o u r n a l P r e -p r o o f Highlights  F6 encodes location of objects, contextual cues and self/other's action  Functional properties show gradual transitions along the rostro-caudal axis of F6  Cortical and striatal connectivity gradients account for functional transitions  Anatomo-functional gradients may be a basic organizational principle in primates
Recording Techniques
Neuronal recordings were obtained from 4 multi-shaft 3D arrays of linear silicon probes with 8 recording sites per shaft and 2 parallel modules of 4 shafts per probe (64 channels per probe). The recording sites were spaced by 500 μm, along the 8 mm shank with a rectangular section of 80 μm (width) x 100 μm (thick). Each shaft was spaced by 550 μm from the adjacent one, and each 4-shaft module was spaced apart from the other by 350 μm (see Figure 7 in Barz et al. 2017 ). These probes were implanted for previous studies (Lanzilotto et al. 2016; Livi et al. 2019) , and details on the methodology of probe fabrication, assembly and implantation have been described elsewhere Furthermore, to exclude that possible artifacts were counted as spikes, we automatically inspected all waveforms of all isolated units and retained, for each one, only those waveforms that did not exceed ±3 SD from the average waveform in all data points (for each unit, about 10% of the spikes were removed in this procedure).
[Insert Figure 1 here] each object. Custom-made LabView-based software was used to monitor the monkey's performance and to control the presentation of auditory and visual cues (see for details Bonini et al. 2014 ). Eye position was monitored in parallel with neuronal activity with an eye tracking system : the monkey was required to maintain its gaze on the fixation point (tolerance radius 5°) throughout the task. Off-line analysis of electromyographic activity of proximal and distal forelimb muscles during EXE, OBSp and OBSe has been previously described in both monkeys , and allowed us to exclude the possible presence of preparatory motor activity during No-Go trials, observation trials and baseline epochs.
Based on the available events and leveraging the same structure shared by all tasks, we focused the analyses on 4 main epochs, identical across tasks: 1) baseline (500 ms before cue sound onset), 2) cue sound (from 100 to 600 ms after sound onset), 3) object presentation (from 100 to 600 ms after light onset) and 4) Go/No-Go signal (from the end of the cue sound to 1000 ms after this event).
Analyses of the neuronal activity
Sliding window ANOVA. The spiking activity of each unit in all the available trials was compared across conditions (Go/No-Go, objects, Light/Dark) with one-way repeated measures ANOVAs (p < 0.05, uncorrected) in 200 ms bins, advanced in steps of 20 ms for the entire period of interest relative to 1) object presentation (from -1300 to 700 ms) and 2) Go/No-Go signal (from -300 to 1200 ms). In the analyses of Go/No-Go and light/dark conditions the trials with the different objects were collapsed, whereas in the analyses of object tuning ANOVAs were carried out within Go and No-Go conditions, separately. The bin-by-bin percentage of significantly tuned units was smoothed with a 60 ms Gaussian kernel to improve visualization. To identify when and for how long the percentage of tuned units was different between subpopulations (rostro-caudal or dorso-ventral) in each monkey, we used bin-by-bin sliding chi-square tests (p < 0.05, uncorrected).
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Principal Component Analysis (PCA). Trial-averaged firing rates of each unit were calculated from -1800 to +1600 ms relative to Go/No-Go signal for all conditions and tasks. The spiking activity was first binned in 20 ms time windows and the resulting firing rates were subsequently smoothed with a 200 ms Gaussian kernel. Then, for each unit, the smoothed firing rates were first divided by the maximum firing rate across all conditions and tasks, and then the overall average firing rate was subtracted bin-by-bin to obtain the normalized firing rate. After this pre-processing, we considered the normalized firing rates as an N-dimensional neural population state space. Since the amplitude of a generic population vector with respect to any arbitrary baseline grows as √ (the mean line segment length in an N-dimensional cube grows as √ , see Anderssen et al. 1976 ), we normalized each firing rate dividing it for √ to compare reliably PCA projections of different subpopulations even if they were made up of a different number of units. Then, PCA was performed including all conditions (i.e. Go/No-Go, object, light/dark) and tasks (EXE, OBSp, OBSe). For each condition and in each task, we then projected the corresponding full-dimensional neural trajectory onto the plane of the first two PCs (the projections of different objects were remarkably similar and were thus averaged) obtaining a two-dimensional curve that describes the evolution of the population state along the trial for that particular task and condition. To mark the time corresponding to specific task events (i.e. start of trial, object presentation, Go/No-Go signal, pulling, reward) along the trajectories, we calculated their mean time relative to the Go/No-Go signal of each condition. Since the Mahalanobis distance between any pair of arbitrarily selected conditions increases linearly as a function of the number of units in the population (see Figure S1 ), the resulting matrix of distances was normalized dividing it by N. Finally, normalized distance matrix was used to create a hierarchical cluster tree based on the average linkage criterion (Matlab function: manovacluster), presenting the cluster solutions in the form of dendrograms. While building the dendrograms, we sorted the leafs within a branch on the basis of their average distance to nearest branches (Matlab function: optimalleaforder).
Measures of local relevance of functional properties.
To isolate and quantify the rostro-caudal functional changes within F6, we computed the Mahalanobis distance in the neural state space of each probe between all levels of specific factors in selected epochs. Specifically, we considered the factors 1) task context, 2) Go/No-Go and 3) Object/grip. Out of the 27 resulting combinations (see Figure S6 ), seven of them allowed us to isolate specific "functional dimensions", as follows.
1) Object position. Mahalanobis distance between EXE and OBSe (regardless of the type of object and Go/No-Go condition), during object presentation epoch. Note that a similar measure could be obtained by contrasting OBSp (where, however, another agent is present close to the monkey) and
OBSe, which indeed produce similar results ( Figure S6 ).
2) Experimenter position. Mahalanobis distance between OBSp and OBSe during baseline, when
the monkey is aware of the presence of another agent located either far from or near it but no other confound is present.
3) Agent. Mahalanobis distance between EXE and OBSp (involving the same space sector) during baseline (no additional confound), when the monkey knows who will act because the tasks are run in blocks. To test statistically the significance of observed rostro-caudal differences in the selected functional dimensions we applied a subsampling procedure. For each dimension, we randomly subsampled without replacement the N units recorded from each probe by selecting M=N 2/3 units and re-calculating the Mahalanobis distance on this data set: we run this procedure 1000 times and calculated the standard deviation (multiplied by √ / in order to consider the different size of the subsample with respect to the whole population) of the resulting distribution, taken as standard error. Finally, to test whether the Mahalanobis distances associated to a given functional dimension differed across probes, we applied two-tails Z-tests comparing all pairs of probes.
Tracers injections and histological procedures
At the end of the recordings, the two probes implanted in each animal were removed and an antero- the same numbering was adopted to classify the corresponding injection ( Figure 1C ). The 
Identification and quantification of cortico-cortical and cortico-striatal labeled neurons
The distribution of retrograde cortical labeling was plotted and counted in sections spaced 600 μm apart from each other, together with the outer and inner cortical borders, using the afore mentioned to the effect, we computed the adjusted standardized cell residuals (see Table S1 ).
The projections to the striatum are typically organized in patches of very dense labeled terminals, surrounded by less densely labeled zones: these were designated as "focal" and "diffuse" Jose, CA, USA) the outlines of the basal ganglia and of adjacent structures were delineated in each photograph on a separate layer. Then, striatal projection fields were selected and converted into a black-and-white image applying a threshold appropriate to extract the labeling, stained in black or blue, from the lighter background. Comparison with the original image ensured that the labeling was accurately extracted and no false positives were included in the image (for further details of this procedure see Figure 2 of ). For a quantitative assessment of the focal projections in the striatum we subdivided it in three different territories: the caudate, the anterior putamen (i.e. the sector anterior to the AC, also designated as "associative" putamen) and the posterior putamen (i.e. the sector posterior to the AC, also designated as "skeletomotor" putamen).
Then, we quantified the density of the focal projections in each of these three striatal subdivisions as follows. We quantified the surface of the striatum labeled by focal projections in sections spaced 900 μm, using the measure function of the Nis-element software (Nikon Instruments Inc.). Then, we expressed the density of the focal projections in the anterior putamen, the motor putamen, and the caudate as a percentage of the surface labeled in each of these subdivisions relative to the total striatal surface labeled.
Results
Neuronal activity was recorded from four cortical sites at distinct rostro-caudal positions along area F6 of the two monkeys ( Figure 1C ), spanning the entire extent of the cytoarchitectonically verified area F6 ( Figure S2 and S3). We extracted both multi-and single unit activity, here defined as "units" (see Materials and Methods) and used all of them in order to better approximate the unbiased sampling of the tracing study subsequently performed on the physiologically characterized sites. We isolated 291 units, of which 100 (34.4%) were classified as single units.
Non-uniform distribution of neuronal tuning properties along the rostro-caudal extent of F6
We isolated 112 units from probe 1 (of which 39 single units), 49 Figure S4B) is slightly stronger and more sustained from visual presentation of the target to Go-signal at the caudal probe of Mk1, but it is constrained to the monkey's peripersonal space, as it is absent in OBSe. Importantly, the above described differences appear to be specific for the rostrocaudal direction: indeed, when comparing the tuning properties of the same units grouped based on their dorsal/ventral location (regardless of their rostro-caudal position), we did not find any relevant difference ( Figure S4C ).
[Insert Figure 2 here] Next, we directly investigated the neural population dynamics underlying the encoding of task-and/or condition-specific features in F6 by considering the firing rates of all units recorded from each probe as an N-dimensional neural state space and performing PCA over these firing rates (see Material and Methods). For each task and condition, we projected the corresponding Ndimensional (trial-averaged) neural trajectory onto the plane of the first two PCs, which accounted J o u r n a l P r e -p r o o f for a percentage of total variance ranging from 34.7% (probe 2) to 47.8% (probe 3). The resulting two-dimensional trajectories for each probe (Figure 3 ) progress from the start of the trial (colored dots), through object presentation (light bulb), Go/No-Go signal (speaker), object pulling (human and monkey hands) and final reward (blue drop). The starting points and initial trajectories associated with different tasks appear to be clustered differently along the rostro-caudal axis, with greater similarity between EXE and OBSp relative to OBSe, rostrally, and the two OBS tasks relative to EXE, caudally (see Figure 5 for statistical comparisons). These initial states are followed by two trends emerging during task unfolding in the subpopulations' dynamics along the rostrocaudal axis, which are consistent in both monkeys: 1) an increase in the amplitude of EXE and 2) an increased similarity between the trajectories of the two OBS conditions.
[Insert Figure 3 here] Finally, we performed a hierarchical cluster analysis by computing the Mahalanobis distances (see Materials and Methods) between each pair of conditions of interest (Go/No-Go conditions in all task contexts) in the complete neural state space and presenting the clusters solutions for different epochs as dendrograms ( Figure 4 ). During baseline epoch ( Figure 4A ), the linkage distances among tasks (run in blocks and hence known to the monkey) are greater than those between Go/No-Go conditions within each task (unknown to the monkey before cue sound presentation). In particular, population activity of the two most rostral probes clearly separates task contexts depending on the (near/far) space in which the agent will act. This segregation vanishes moving caudally, where it is replaced by an increasingly clear-cut separation of execution relative to observation tasks (probes 3 and 4), regardless of the space sector in which the observation task is carried out. After cue sound onset ( Figure 4B [Insert Figure 5 here] Next, we addressed whether the local functional specificities here observed can be linked with differential local connectivity patterns.
Cortical afferences and striatal projections of functionally-characterized spots of F6
At end of the neurophysiological experiments, probes were explanted, and antero-retrograde tracers were injected in correspondence of the position of each probe ( Figure 1C) . The injections encompass a territory of area F6 ranging, along the antero-posterior axis, from 10 mm rostral to the Figure 6 and S8). The connectivity pattern of F6 injected sectors also showed clear-cut specificities, which reflect the antero-posterior location of the injection site ( Figure 6A ). In particular, we observed two main and opposite connectivity gradients, represented by increasingly strong connections with prefrontal (mainly dorsal) areas moving towards the rostral area F6 and increasingly robust connections with premotor and motor cingulate areas moving toward the caudal portion of F6. In the parietal cortex, a relatively stronger labeling was observed after the two more caudal injections in the operculum and in the rostral part of the inferior parietal lobule. Furthermore, denser labeling was observed in medial parietal areas PGm and 31 as well as in posterior parietal area V6A following the most rostral injection ( Figure 6B, S7 and S8 ). Chi-square tests and adjusted standardized cell residuals analysis showed that the quantitative anatomical differences here observed are statistically significant for almost all the territories here considered (see Table S1 ).
[Insert Figure 6 here] Since all the tracers injected in this study were antero-retrograde, we could also investigate the distribution of anterograde labeling in the striatum following each injection in area F6 ( Figure   7 ). The labeling densely involved the territory of the putamen caudal to the AC, deemed to correspond to the hand-and arm-related motor sector (Alexander and de Long 1985; Nambu 2011), as well as the one rostral to the AC, often classified as associative (Alexander et al. 1986 ; Tremblay Figure 7A ). Specifically, moving from caudal to rostral injection sites in F6, we observed an increase in the labeled terminals within the "associative" putamen as well as in the caudate territories, whereas moving from rostral to caudal injection sites we observed an increase in the cortico-striatal projections ending in the "motor" sector of the putamen ( Figure 7B ). In line with these data, our results show, in the most caudal probes, a stronger tuning for 1) actions executed by the monkey, 2) the type of object that will be grasped, 3) the agent who was expected to act before trial onset, and 4) overtly observed actions independently from the space sector (peri-or extrapersonal) in which these latter occurred. Previous studies also provide some evidence of spatial tuning for left/right location of visual cues and/or direction of arm movements (Matsuzaka et al. 1992) , as well as the description of F6 neurons increasing their firing rate when graspable objects approached the monkey (Rizzolatti et al. 1990 ). Nonetheless, possible uneven rostro-caudal distribution of these spatially tuned neurons was unknown. Here, we found robust evidence of a clear-cut preference for objects located in the monkey's operative space in all the investigated sites of F6. Furthermore, we showed that a preference for the peripersonal space is prevalent in the most rostral probes. Altogether, the evidence of the present study supports the existence of functional gradients in area F6, with its rostral part more tuned to the encoding of distance of objects from the monkey relative to the caudal one, which in turn exhibits stronger tuning to self and other's (observed) action.
The distribution of neuronal properties along the rostro-caudal axis of F6 is paralleled by an even more clear-cut (and consistent between animals) gradient of cortical and striatal connectivity.
Indeed, the prevalence of self and others' (observed) action representation and agent tuning prior to trial onset in the caudal part of F6 is paralleled by an increase, in the rostro-caudal direction, of the anatomical connectivity with hand/arm related visuomotor regions of the premotor (F2, F3, F4 and linked with the sector of the so-called "motor" putamen, deemed to correspond to forelimb representation (Liles 1983; Alexander and DeLong 1985) , where set-related activity has been demonstrated (Alexander and Crutcher 1990) . Along the opposite, caudo-rostral direction, increasing tuning for objects located in the monkey's operative space is associated with stronger connections with the dorsolateral prefrontal cortex, deemed to play a pivotal role in coding the spatial location of sensory stimuli (Romanski 2004; Lanzilotto et al. 2013) , the anterior cingulate cortex, playing a role in social decision making processes (Haroush and Williams 2015) , and the mesial posterior parietal cortex, hosting neurons involved in the coupling of visual and motor processing of targets located in the peripersonal space (Hadjidimitrakis et al. 2011; and in the processing of potential target objects and other agent's actions (Breveglieri et al. 2019) . The stronger link between rostral area F6 and the anterior striatum (caudate nucleus and the anterior putamen) may embed space-constrained representations of objects and agents into cortico-basal ganglia loops devoted to the processing of social context (Klein and Platt 2013) .
Note that space-constrained representations of objects relative to one's own and another's body are widespread along the entire F6. However, they most likely derive from different sources and, hence, different reference frames: the caudal F6, linked with motor-related areas of the lateral parieto-frontal network, may encode a body-centered representation of the peripersonal space, whereas the rostral F6, by virtue of its link with dorsolateral prefrontal and medial parietal cortex, may subserve a more abstract processing of spatial context. Likewise, bimodal (somatosensory and visual) space tuning has been observed in a large territory of the putamen (Graziano and Gross 1993), which we have shown to be heavily (and unevenly) targeted by a large territory of area F6, spanning its rostral and caudal sectors. Hence, future studies may unravel differential rostro-caudal trends and tuning properties of striatal neurons devoted to context-or target-specific representations of the peripersonal space. In sum, we evidenced a rostro-caudal organization of cortico-cortical and cortico-basal ganglia connectivity of the monkey pre-supplementary motor area that supports a rostro-caudal distribution of functional properties. From the functional point of view, nobody has ever mapped the mesial frontal cortex along the antero-posterior axis using the same task or set of tasks. Nonetheless, existing evidence suggest that area F3 exhibits more markedly motor and somatomotor responses (Picard and Strick 2003) whereas mesial frontal cortex rostral to F6 operates multisensory integration at a more abstract level and contributes to complex cognitive and decision-making processes (Matsuzaka et al. 2016) .
Conclusions
Neuroanatomical and neurophysiological data in non-human primates are often used to complement each other, but they are rarely collected in a truly integrated manner that enables the achievement of solid conclusions about anatomo-functional relationship. Consequently, non-human primate literature emphasizes the "discretization" of potentially continuous brain functions. Likewise, functional brain imaging studies in humans tend to produce inherently discretized pictures of brain activity, especially due to technical constraints. However, several recent models support the existence of a rostro-caudal organizational principle of the primates' brain, with abstract cognitive processes mapped rostrally and sensori-motor behavioral control implemented by the most caudal regions (Petrides, 2005 
